Glycosaminoglycans (GAG) of bovine cornea were sequentially extracted by 0.15 M NaCi and by 1 M CaC12, pH 8. The amounts of hexosamine (HexN) and hexuronic acid (HexUA), specific hexoses (Hex), and protein were determined in the extracts. The ultrastructure of the corneal stroma after NaCi and NaCl/CaCl2 extraction was also studied. Approximately 70% of the Hex-HexN extractable by 0.15 M NaCl is removed in the first NaCl extract, with the amount decreasing rapidly to the fifth NaCl extract. Only 20-30% of the extractable HexUA-HexN is removed in the first NaCi extract; subsequent extraction removes successively less HexUAHexN. There is a sharp increase, however, in both Hex-HexN and HexUA-HexN removed in the first 1 M CaCl2 extract, ranging from 25 to 40% of the total extractable with NaCI. The stroma retained lamellar organization and normal spacing, diameter, and length of collagen fibers after NaCI extraction. Visibility of the 64-nm periodicity was enhanced because of loss of density in the ground substance. CaC12 extraction led to loss of lamellar organization and apparent disruption of the collagen fibers. Only short thin fibrils remained, embedded in a material having the density and very fine fibrillar organization of basal lamina. Disruption of the collagen fibers is probably due to removal of a specific GAG component necessary to maintain the collagen as an extended morphologic structure but may also be due to a specific degradative effect of CaCl2 on collagen no longer covered by a protective layer of GAG and glycoproteins.
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The function of the cornea as part of the vertebrate eye is dependent on two physical properties-transparency and rigidity. The first is based on the regularity of the spatial distribution of the collagen fibers of the corneal stroma and the degree of uniformity of the diameter of the fibers. The second is based on the stability of the fibrillary network and the degree of hydration of the interfibrillary matrix. The rigidity --of the cornea is an essential factor in the maintenance of its shape, which, in turn, determines its refraction. The affinity to water of the corneal proteoglycans is a factor in the hydration of the stroma, as well as in the regularity of the arrangement of the collagen fibers. This latter role should be based on specific interactions between the proteoglycans and the collagen, mediated by noncovalent bonds of various strengths. Such interactions are indicated by spatial interrelations between corneal collagen fibers and bands or masses of electron-dense material found along or between the fibers in several electron microscopic studies of the stroma of various vertebrate corneas (1, 2) . Specific affinity of corneal proteoglycans to water has been demonstrated in a study of bovine corneas (3) .
The first step in any investigation of the interrelation between proteoglycans and collagen in corneal stroma would be to study the effect that removal of part or all of the proteoglycans has on the structure of the grid of corneal fibers.
Up to now, corneal proteoglycans have been separated from stromal collagen to obtain material for structural and physiochemical studies on these macromolecules. The extractions were carried out with distilled water, high molarity salt solutions, or guanidine HCl solutions to break noncovalent intraand intermolecular bonds. In this type of extraction, the recovery of proteoglycans is incomplete. Muthiah et al. (4) reported that exhaustive extraction of corneal proteoglycans with 3-5 M guanidine HCl resulted in only partial extraction of the proteoglycans and suggested an interaction of proteoglycans with denatured collagen, as has been reported for cartilage (5). Woodin (6) found that, whereas 0.9 M CaCl2, pH 8, extracted 85% of the total hexosamine (HexN) of the corneal stroma, 1.6 M NaCl, pH 8, extracted only ""30%. As CaCl2 was later shown not to extract the sulfated sialoglycoprotein of the corneal stroma (7), it could be assumed that CaCl2 extracted practically all of the keratan sulfate and chondroitin sulfate of the stroma. Woodin's experiments (6) suggested that proteoglycans are present in the stroma in at least two different forms that might differ in their structural interrelations with collagen fibers. In the present study, the glycosaminoglycans (GAG) of corneal stroma were exhaustively extracted first by 0.15 M NaCl and then by 1 M CaCl2, pH 8, under various conditions of "homogenization." The effects of each of the extractions on the arrangement and structure of the collagen fibers of the stroma was also studied by electron microscopy.
MATERIALS AND METHODS
Extraction Procedures. Bovine corneas were obtained from eyes removed immediately after death and brought in ice to the laboratory. The corneas were used immediately or stored at -20°C in airtight containers for up to 2 yr. Storage did not affect the amount or composition of the GAG fractions extracted after homogenization. For Because of these great differences among the three hexoses, the amount of galactose in each preparation could be estimated with a margin of error of -=5%. The protein in the first NaCl and the first CaCl2 dialyzed extracts was determined by the biuret reaction. The total amount of GAG extracted in each extraction was calculated from the amount found in the supernatant of each extract, under the assumption that the GAG are uniformly distributed in the volume of the extract recognizing that the collagen in the cornea represents 20% of the wet weight of the corneal stroma and 15% of its volume.
Electron Microscopy. Control corneal stromal buttons and NaCl-extracted corneas were diced, fixed, dehydrated, and embedded according to the routine procedures for handling fresh whole corneas in the Cabot Laboratory (2) . The NaClextracted corneas retained their shape and could be handled in processing as we routinely handle experimentally or pathologically swollen corneas. CaCl2-treated stromata, having no gross structural organization left, were centrifuged after each step of fixation and dehydration and embedded as a pellet. All material was fixed at 4°C with 0.5% OS04 in Sorensen's phosphate buffer, pH 7.4, dehydrated with ethanol and propylene oxide, embedded in Epon 812, sectioned with a Porter-Blum MT-1 or a Cambridge-Huxley microtome using diamond knives, and examined in an RCA EMU-3G electron microscope.
RESULTS
Comparison of Rate of Extraction of GAG by 0.15 M NaCl and by 1 M CaC12, pH 8. In homogenized samples, 60-70% of the NaCl-extractable Hex-HexN went into solution in the first NaCl extract. The amount extracted decreased sharply in the subsequent four NaCl extracts and became insignificant after the fifth extraction ( Table 1 ). The course of extraction of HexUA-HexN was less abrupt, with only 20-30% of the total NaCl-extractable material going into solution in the first NaCl extract. Here, too, the amounts extracted decreased sharply after the fifth extraction (Table 1) . In these experiments, samples were homogenized for 3 min before the first NaCl extraction and 1 min before each subsequent NaCl extraction. The "control" was not homogenized before any of the extractions. In both conditions, however, there was a sharp increase in Hex-HexN and HexUA-HexN extracted in the first CaCl2 extraction.
In experiment 2 (Table 1) , however, there was an apparent difference between the homogenized sample and the nonhomogenized sample in both total amount of Hex-HexN extracted and amount extracted in the first NaCl extraction. In addition, although there was no difference between total HexUA-HexN extracted under the two conditions there was, again, an apparent difference between the amounts extracted in the first NaCl step.
To test further the effect of homogenization on this extraction system, another experiment (Table 2 ) was performed in which one sample was homogenized for three 3-min periods, with intervening 1-min cooling periods before each NaCi extraction and the second, control sample was homogenized only once, for 3 min before the first extraction. The amount of Hex-HexN extracted did not differ significantly in the first NaCl extract nor in the total series of extractions. Again, there was a 10-fold increase in the amount of HexHexN extracted in the first CaCl2 extraction as compared with the last NaCl extraction. The difference in the amounts of GAG extracted in the last NaCl extraction and the first CaCl2 extraction cannot be due to difference in the rate of diffusion due to structural impediments in the stroma since the increase in the intensity of homogenization did not result in faster extraction of the GAG fraction solubilized by CaCl2.
To determine whether different layers of the corneal stroma have different proportions of the two GAG fractions, the anterior and the middle part of the stroma were extracted simultaneously (Table 3) after intensive homogenization (cf. Table 2 ). The course of the extraction did not significantly differ for the two preparations (Table 3) and, although the Electron Microscopy. The stroma retained its lamellar organization and the collagen fibers retained their normal length, diameter, apparent density, and spacing after exhaustive NaCl extraction. There was, however, considerable loss of density in the ground substance and the 64-nm periodicity of the collagen fibers was more evident even at low magnification (Figs. 1-3 ).
Extraction with CaCI2 following NaCI extraction produced profound morphologic effects at both the gross and the electron microscopic (EM) levels. After CaCI2 extraction, stromal buttons lose lamellar organization and shear Table 2 ). Even this treatment does not change either the lamellar organization or the interfibrillar distances of the collagen. The removal of much of the interfibrillar material, however, enhances the visibility of the 64-nm periodicity of the collagen fibrils. (x9650.) FIG. 3 . Portion of stroma of a bovine cornea extracted five times with 0.15 M NaCl and homogenized 20 times between each extraction. The morphology is essentially the same as that in Fig. 2 . The degree of structural preservation is striking, considering the rather brutal treatment of the tissue sample. (x11,550.) and fragment with any handling. At the EM level, organization of the collagen into thick banded fibers of indeterminate length is completely disrupted. What fibrils remain are short (0.05-0.1 um) and about half the diameter of the collagen fibers remaining after NaCl extraction (Fig. 4) . At higher magnification, however, it is obvious that these longer fibers are made up of slightly overlapping adjacent fine fibrils (Fig.  5 ).
DISCUSSION
Our results indicate that the GAG and proteoglycans of the corneal stroma are present as at least two groups of macromolecules that differ significantly in ease of their extraction by different salt solutions. Up to 80% of the total extractable GAG can be removed by 0.15 M NaCl solutions, the remaining material, by 1 M CaCl2, pH 8. The higher ionic strength of this solution is only partly responsible for the extraction of GAG not extractable by 0.15 M NaCl; 1 M NaCl is much less effective than 1 M CaCl2. It seems remarkable that the yield in the 0.15 M NaCl extraction is not lower than that reported previously for extraction with 4-5 M guanidine-HCl at physiological pH (4, 12, 13) .
The course of the extraction with 0.15 M NaCl is such that 60-70% of the NaCl-extractable GAG comes out in the first extraction. The solubilized GAG decrease sharply in the following extractions. In the case of Hex-HexN, no significant amounts go into NaCl solution after six or seven preceding extractions with this salt but Hex-HexN appears in the subsequent CaCl2 extracts. This difference in ease of extraction is not related to differences in the sizes of the pores through which the proteoglycans have to pass because intensive homogenization before each NaCl extraction does not diminish the amount extracted by CaCl2 ( Table 2 ). The ratio of the extracted total amount of Hex-HexN to IHxUA-HexN varies between 1.6 and 2.0. This is consistent with the ratio found by authors who prepared total GAG by exhaustive degradation of the collagen by collagenase and of the protein part of the proteoglycans (and assumed glycoproteins) by proteolytic enzymes (12, 13) . Our results differ significantly from those so far reported for the composition of HexNlinked hexose. In almost all previous preparations of corneal GAG, >90% of the HexN-bound hexose was reported as galactose. In our GAG preparations, maximally 76 ± 4% of the hexose was galactose. The total Hex/HexN ratio is 1.0 when it is assumed that only galactose and mannose are linked to HexN. The NaCl extracts do not differ in this respect from the CaCl2 extract. This, and the Hex/HexN ratio of 1 makes it improbable that the difference between the content in galactose and total hexose is due to significant extraneous contamination of the proteoglycan fractions. While the experiments here reported were nearing completion, Axelsson and Heinegard (13) (14) .
Our values for the total amount of GAG in the stroma and for the Hex-HexN/HexUA-HexN ratio are in good agreement with the lower values reported in the literature (12, 13 (15) . Despite significant swelling prior to extraction with saline, the distance between the corneal collagen fibers apparently remains unchanged (after fixation and dehydration), as does the fiber diameter and lamellar organization ( Fig. 1-3 (17) . That exhaustive swelling of the cornea before extraction also has a specific effect on the solubilization of certain GAG fractions of the stroma is shown by the fact that in salt extracts obtained without prior deepithelization and swelling the total amount of extracted soluble collagen that precipitates after dialysis is 3-4 times that found in the experiments with deepithelized and maximally swollen corneas.
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